In addition to being the main organ involved in the uptake of nutrients and water, the intestine also constitutes an essential barrier against harmful/toxic substances from the external environment entering the body mainly in the form of daily diet. Skin may be perceived as the main organ protecting against the exposure to environmental factors but compared to the total surface area of the skin, which is \~2 m^2^, the area of the important internal membranes exposed to environmental factors is \~100 m^2^ and \~400 m^2^ for the lungs and intestines, respectively. Furthermore, the number of microorganisms inhabiting the intestine or the gastrointestinal (GI) tract has been estimated to exceed 10^14^, which encompasses ∼10 times more bacterial cells than the number of human cells and over 100 times the amount of genomic content (microbiome) as the human genome \[[@CIT0001], [@CIT0002]\]; a recently revised estimate suggests that the ratio of human:bacterial cells may be closer to 1:1 \[[@CIT0003]\]. Under normal conditions, gut microbiota offer many benefits to the host, such as harvesting energy \[[@CIT0004]\], protecting against pathogens \[[@CIT0005]\], and regulating host immunity \[[@CIT0006]\]. This beneficial relationship is likely to be disrupted as a result of an altered microbial composition, known as dysbiosis, and extensive research efforts are currently directed towards the evaluation of specific changes in bacterial composition during dysbiosis. However, for dysbiosis-dependent changes to influence host metabolism and/or pathology will require direct interaction with, and subsequent modulation of, the intestinal barrier, underscoring the importance of detailed understanding and characterization of the intestinal barrier, per se.

1. What is Intestinal Barrier? The 4 Layers of the Intestinal Barrier {#s1}
=====================================================================

The GI tract is subjected daily to thousands of microorganisms and nutrient components via the ingested diet. Maintenance of gut homeostasis therefore requires a complex system capable of performing several functions, such as the detoxification of bacteria-derived endotoxins, limiting direct contact/interaction with bacteria or pathogens, regulating the absorption of nutrients while restricting the transport of toxic substances or bacteria, and mounting an immune response or limiting the growth of pathogenic bacteria. Accordingly, the gut or intestinal barrier has evolved as a functional unit organized in a multilayer system ([Fig. 1](#F1){ref-type="fig"}), providing a physical as well as a functional barrier. The multiple layers of this barrier, starting from intestinal lumen to systemic circulation, include: (1) luminal intestinal alkaline phosphatase (IAP) that dephosphorylates bacterial endotoxin lipopolysaccharide (LPS) to detoxify it; (2) the mucus layer that provides a physical barrier preventing interactions between gut bacteria and intestinal epithelial cells; (3) the tight junctions between the epithelial cells that limit the paracellular transport of bacteria and/or bacterial products to systemic circulation; and (4) the antibacterial proteins secreted by the specialized intestinal epithelial cells or the Paneth cells and IgA secreted by the immune cells present in lamina propria underlying the epithelial cell layer.

![The "layers" of the intestinal barrier. Functional intestinal barrier consists of four "layers" (shown by numbers 1--4) extending from the lumen that contains gut bacteria and bacterial endotoxin LPS. Layer 1, or intestinal alkaline phosphatase (IAP), released from the intestinal epithelial cells, dephosphorylates luminal LPS inactive, producing dephospho-LPS. Mucin layer (layer 2), consisting of a firmly attached inner layer and a loose outer layer provide the first physical barrier restricting the interaction between luminal bacteria and epithelial cells. A single layer of epithelial cells (layer 3) separates the lumen from systemic circulation. Specialized secretory cells of the epithelial layer, namely goblet and Paneth cells, contribute to the formation of the mucin layer and the production of antibacterial proteins, respectively. Panneth cell-derived antibacterial proteins/peptides, along with secreted IgA (sIgA) from plasma cells present in the lamina propria, restrict bacterial growth and represent the fourth layer (layer 4) of the intestinal barrier.](bvz039f0001){#F1}

A. Layer 1, or the Intestinal Alkaline Phosphatase {#s2}
--------------------------------------------------

Intestinal alkaline phosphatase is expressed and secreted by intestinal epithelial cells and remains active within the mucosal layer as well as the intestinal lumen. In addition to regulating bicarbonate secretion and duodenal surface pH and long chain fatty acid absorption, IAP removes phosphate groups from substrates such as bacterial endotoxin LPS and pathogen-associated molecular patterns (eg, flagellin, CpG DNA), and it reduces local intestinal inflammation \[[@CIT0007]\]. In addition, it also dephosphorylates adenosine tri-phosphate (ATP) and adenosine diphosphate (ADP) in the lumen; high levels of luminal ATP inhibits the growth of commensal bacteria and disrupts bacterial homeostasis \[[@CIT0008]\]. While all these functions of IAP are important to maintaining intestinal homeostasis, it is the ability of IAP to inactivate LPS that places IAP as the luminal first line of defense \[[@CIT0007]\]. LPS, a constituent of the cell wall of gram-negative bacteria, is abundant in the GI tract and is responsible for causing systemic inflammation and septic shock. The toxicity of LPS resides in the Lipid-A moiety, which permits it to bind to toll-like receptor-4 (TLR4). Removal of 1 of the 2 phosphate groups on the Lipid-A moiety reduces LPS toxicity 100 fold \[[@CIT0009]\]. Dephospho-LPS still binds to TLR4 but predominantly acts as a TLR4 antagonist \[[@CIT0010]\]. This reduction in the toxicity of LPS inhibits downstream intracellular signaling \[[@CIT0011]\], leading to a reduction in NF-κB activation and the release of proinflammatory cytokines.

B. Layer 2, or the Mucus Layer {#s3}
------------------------------

In contrast to IAP representing a "functional" barrier, the intestinal mucosal layer (or the second layer of the intestinal barrier) is the first "physical" barrier encountered by bacteria in the GI tract. It is composed of 2 layers: an inner layer that is firmly attached to the epithelial cells and an outer layer that is thicker but much looser and less adherent. The inner mucosal layer does not allow bacteria to penetrate, keeping the surface of epithelial cells free of direct contact with bacteria. In contrast, the outer mucosal layer harbors commensal bacteria that prevent the entry of pathogenic bacteria into the outer as well as inner mucus layer. Consistently, an increase in the number of mucus-residing commensal bacteria by pro- or prebiotic interventions is thought to improve the barrier function of the mucosal layer \[[@CIT0012]\]. These 2 mucosal layers consist of water (\~95%) and glycoproteins (1--10%), as well as electrolytes, antibodies, and nucleic acids \[[@CIT0013]\]. Highly glycated protein mucin (MUC2) is the major glycoprotein secreted by specialized epithelial cells called goblet cells. After secretion, MUC2 organizes in a hydrated and expanded network with other secreted proteins, forming an organized mucous layer. The amount and composition of the mucus layer reflects a balance between mucus secretion and its erosion and degradation by bacteria \[[@CIT0014]\]. Depletion of the mucus layer either by increased degradation or deficient synthesis will, therefore, have a profound effect on this layer of the intestinal barrier. Consistently, Muc2-/- mice have increased bacterial adherence to the intestinal epithelium, enhanced susceptibility to colitis, and disrupted intestinal barrier function \[[@CIT0015]\].

C. Layer 3, or the Epithelium {#s4}
-----------------------------

The intestinal epithelium is a single layer of cells that acts as a highly selective barrier preventing the passage of harmful luminal contents such as foreign antigens, microorganisms, and their toxins while allowing the translocation of essential dietary nutrients, electrolytes, and water from the intestinal lumen into the systemic circulation. This selectivity of transport is mediated by the regulation of 2 major mechanisms, namely the transepithelial/transcellular and paracellular transport pathways. In addition, this epithelial layer is also considered nonpermissive for endocytic uptake by any mechanism, largely due to unusually high amounts of glycolipids that are organized in lipid raft microdomains \[[@CIT0016]\] stabilized by divalent galectin-4 \[[@CIT0017]\]. Nutrients such as amino acids \[[@CIT0018]\], electrolytes \[[@CIT0019]\], short chain fatty acids, and sugars \[[@CIT0020]\] are routinely transported via the transcellular pathway through the epithelial cells, and this uptake is predominantly regulated by selective transporters. Transport through the space between epithelial cells, or paracellular transport, is regulated by intercellular complexes localized at the apical-lateral membrane junction and along the lateral membrane \[[@CIT0021], [@CIT0022]\]. These intercellular complexes include desmosomes, adherens junctions, and tight junctions \[[@CIT0023]\]. Adhesive junctional complexes and desmosomes are important in the mechanical linkage of adjacent cells and consist of transmembrane proteins that link adjacent cells to the actin cytoskeleton via cytoplasmic scaffolding proteins \[[@CIT0024]\]. The tight junctions, on the other hand, are responsible for sealing the intercellular space and thereby regulating paracellular transport \[[@CIT0025]\]. Tight junctions are formed by proteins such as occludins and members of the claudin family that cross the plasma membrane to interact with proteins from the adjoining cell. On the intracellular side of the membrane, the carboxyl terminal ends of these proteins interact with other tight junction proteins such as ZO-1, ZO-2, and ZO-3. Intracellularly, these proteins associate with a ring of actin microfilaments (for a detailed review of the organization of tight junction proteins, see \[[@CIT0021], [@CIT0026]\]). Consequently, the integrity of the epithelial cell layer and tight junction proteins is often referred to as the "intestinal barrier" despite the important contributions of the other three "layers."

D. Layer 4, or the Antibacterial Peptides {#s5}
-----------------------------------------

In addition to providing a single cell layer physical barrier, the specialized secretory cells of the intestinal epithelium or the Paneth cells \[[@CIT0027]\] located at the base of small intestinal crypts, act as important effectors of innate immunity though the secretion of antimicrobial peptides that play an important role in the host defense against gut microbes \[[@CIT0028]\]. Thus, secreted antibacterial peptides constitute the "fourth" layer of the intestinal barrier. The most abundant antimicrobial peptide in the human intestine is α-defensin, a member of the defensing family of peptides. Both α- and β-defensins are bacteriocidal, with activity against Gram-negative as well as Gram-positive bacteria. Numerous studies have suggested that the disruption of genes involved in the expression and secretion of these antimicrobial peptides increases the susceptibility to inflammatory bowel disease, for example, X-box binding protein (Xbp-1) \[[@CIT0029]\], autophagy-related 16-like 1 (Atg16l1) \[[@CIT0030]\], nucleotide binding oligomerization domain-containing 2 (Nod2) \[[@CIT0031]\], and transcription factor 4 (Tcf4) \[[@CIT0032]\]. Consistently, Crohn's disease patients not only have a reduced number of healthy Paneth cells but also a decreased expression of β-defensins in the areas of acute inflammation \[[@CIT0033]\]. Recent studies have also implicated the important role of amino acids in regulating the expression of antimicrobial peptides \[[@CIT0034]\]. For example, aberrations in tryptophan metabolism causes intestinal inflammation via changes in the expression of antibacterial proteins \[[@CIT0035]\], and a glutamine-mediated increase in the expression of these proteins underlies the reduced gut inflammation observed in animal models \[[@CIT0036]\]. Collectively, these studies provide a direct link between disruptions of this layer of intestinal barrier function to disease development.

In addition to the antibacterial proteins secreted by Paneth cells, IgA secreted (sIgA) by plasma immune cells present in lamina propria also plays a significant role in limiting direct interactions between pathogens and the epithelial cell monolayer. The primary mechanism of sIgA-mediated protection is immune exclusion wherein direct sIgA binding to microorganisms or toxins prevents colonization or toxicity/damage to the epithelial cells \[[@CIT0039]\]. Within the lamina propria itself, IgA binds to the various immune complexes and facilitates their removal and attenuates systemic inflammatory responses \[[@CIT0040]\]. Humans secrete an estimated 3 g of sIgA into the intestinal lumen every day, reflecting its important role in protecting the mucosal surface. B-cell deficient mice or mice lacking the immunoglobulin receptor required for sIgA transport to the lumen display enhanced stimulation of innate responses in gut epithelial cells, further demonstrating the role of adaptive immune responses in regulating intestinal inflammation \[[@CIT0041]\].

2. Consequences of Intestinal Barrier Dysfunction: Local and Systemic Inflammation {#s6}
==================================================================================

Intestinal barrier function is critical for normal homeostasis of the gut, and the breakdown or dysfunction of this barrier is associated with local as well as systemic consequences largely related to direct contact of bacteria/bacterial products with the epithelial cells, and translocation of these to the systemic circulation ([Fig. 2](#F2){ref-type="fig"}). Direct contact with bacteria/bacterial products leads to the activation of immune cells via TLR4/MyD88-dependent signaling pathways in the lamina propria by interaction with gut bacteria--derived LPS, resulting in the secretion of proinflammatory mediators that perpetuate local inflammation. Consistently, intraperitoneal administration of the LPS-TLR4 signaling inhibitor TAK-242 attenuates these consequences of intestinal barrier disruption \[[@CIT0042]\]. Local intestinal inflammation underlies the development of a number of gastrointestinal diseases, such as inflammatory bowel disease \[[@CIT0043]\], Crohn's disease \[[@CIT0044]\], and ulcerative colitis (extensively reviewed recently in \[[@CIT0045]\]).

![Disruption of the intestinal barrier function. Under normal conditions with an intact barrier, while intestinal epithelial cells facilitate the transcellular movement of ions and nutrients, paracellular transport of bacteria/bacterial products such as LPS is restricted. Cells within the epithelial layer are sealed by tight junction proteins such as Occludin, Claudin, and ZO-1, preventing paracellular transport. In addition, appropriate/homeostatic expression of intestinal alkaline phosphatase (IAP) continuously dephosphorylates and detoxifies LPS in the luminal space. Lamina propria, below the epithelial layer, contains immune cells, both of the innate immune system (eg, macrophages, dendritic cells) and the adaptive immune system (eg, T-cells and IgA-producing plasma celsl \[not shown here\]). When the intestinal barrier is disrupted (eg, by a Western diet, pathogenic bacteria, LPS due to inadequate detoxification by reduced IAP levels, etc.), the tight junctions are disordered, allowing for paracellular transport of LPS as well as luminal bacteria. In response to these stimuli, dendritic cells and/or macrophages are activated to produce proinflammatory cytokines that not only enhance further infiltration of immune cells into the lamia propria but also activate macrophages in circulation. Paracellularly transported bacteria and LPS also enter systemic circulation, resulting in increased systemic inflammation.](bvz039f0002){#F2}

However, the major consequence of a disruption in the intestinal barrier is the increased paracellular transport of LPS into systemic circulation. In blood, LPS is carried bound to either LPS binding protein (LBP) or lipoproteins and interacts with surface receptors (eg, TLR4) on immune cells initiating an inflammatory response ([Fig. 3](#F3){ref-type="fig"}). TLR4 by itself cannot bind LPS but requires CD14 as a cofactor, which facilitates the transfer of LPS to TLR4 and MD2 that modulates LPS recognition. LPS binding protein shuttles LPS to CD14. The association of these auxiliary molecules triggers the signal resulting in the homodimerization of TLR4 and the consequent intracellular signaling via MyD88 \[[@CIT0011], [@CIT0046]\]. This cascade then leads to the activation of NF-κB that results in increased transcription of proinflammatory cytokines such as TNFα, IL-1β, and IL-6 \[[@CIT0047]\]. Infiltration of activated macrophages or direct activation of resident macrophages in peripheral tissues by circulating LPS results in tissue inflammation. Further infiltration of immune cells (including neutrophils and monocytes) in response to this proinflammatory milieu perpetuates this inflammation, perturbing tissue homeostasis. For example, in the liver, increased inflammation leads to increased insulin resistance and lipogenesis resulting in fatty liver disease. Increased adipose tissue or skeletal muscle inflammation/insulin resistance underlies the development of diabetes. Increased infiltration of activated macrophages into the artery wall initiates atherogenesis.

![Consequences of disrupted intestinal barrier. Increased LPS in systemic circulation is causally linked to the development of multiple diseases. LPS associates with circulating lipoproteins and also interacts with LPS binding protein (LBP). LPS acts as a trigger for macrophage activation via LBP-dependent binding to TLR4. In co-ordination with MD2 and CD14, this results in the homodimerization of TLR4 and the initiation of intracellular signaling. Activation and nuclear translocation of proinflammatory transcription factor NF-κB leads to the eventual production of proinflammatory cytokines (eg, TNFα, IL-1β, IL-6), resulting in increased tissue inflammation. In the liver, LPS reaching through portal blood also activates resident macrophages or Kupffer cells, and increased inflammation underlies increased hepatic insulin resistance and lipogenesis. Activated macrophages infiltrate adipose tissue and the resulting inflamed adipose tissue is also insulin resistant and underlies the development of diabetes. Increased inflammation also leads to insulin resistance in skeletal muscles. Increased infiltration of LPS-activated macrophages into the artery wall initiates foam cell formation, resulting in atherosclerotic plaque development.](bvz039f0003){#F3}

3. Disease Associated with Intestinal Barrier Dysfunction and LPS Translocation {#s7}
===============================================================================

Fiddian-Green first described the role of enhanced translocation of bacterial toxins or bacteria during cardiac surgery, contributing to morbidity and mortality, and indicated that a reduction in this breach of the intestinal barrier would improve outcomes \[[@CIT0048]\]. Severe endotoxemia is also seen during resuscitation after cardiac arrest, and ischemic injury to the intestine is considered to be the underlying trigger. In recent years the role of exogenous or dietary triggers in initiating barrier dysfunction is increasingly being recognized \[[@CIT0049], [@CIT0050]\]. High fat, high cholesterol--containing Western-type diets that are responsible for the obesity epidemic and metabolic syndromes have been shown to increase intestinal permeability, resulting in the release of LPS into systemic circulation, leading to metabolic endotoxemia \[[@CIT0051]\]. Consistently, a continuous infusion of low-dose LPS to mimic metabolic endotoxemia leads to the development of Type 2 Diabetes Mellitus (T2DM) and atherosclerosis, emphasizing the causal relationship between intestinal barrier dysfunction and the development of metabolic diseases \[[@CIT0054]\]. Based on the observed changes in the intestinal mucosa, including a decreased number of goblet cells, diminished mucus production, reduced levels of secretory IgA, and increased translocation of bacteria/bacterial products to pancreatic lymph nodes, Miranda et al suggests that a disruption of the intestinal barrier function precedes the onset of Type 1 Diabetes Mellitus (T1DM) \[[@CIT0055]\]. Even in humans, obese phenotype is associated with endotoxemia, establishing the critical role of gut-derived LPS in the development of metabolic diseases \[[@CIT0056], [@CIT0057]\].

In addition to diet-induced metabolic diseases,the presence of LPS in systemic circulation is also identified as a causal or complicating factor in diverse diseases such as autism \[[@CIT0058]\], Alzheimer's disease \[[@CIT0059]\], Parkinson's disease \[[@CIT0060]\], arthritis \[[@CIT0061]\], obesity-induced osteoarthritis \[[@CIT0062]\], asthma \[[@CIT0063]\], and several autoimmune diseases \[[@CIT0064]\]. People with multiple sclerosis also have altered biomarkers of intestinal barrier integrity \[[@CIT0065]\]. A chronic inflammatory state \[[@CIT0066]\] as well as endotoxin tolerance leading to a compensatory hypoinflammatory state is thought to underlie the immune-escape of cancer cells, directly linking circulating LPS to the likely development of multiple cancers \[[@CIT0067]\]. High LPS levels in the portal vein are also linked to the development and progression of hepatocellular carcinoma \[[@CIT0068]\]. Pasini et al showed that the improvement in glycemic control in T2DM subjects with chronic exercise was due to attenuation of intestinal barrier dysfunction \[[@CIT0069]\]. Changes in gut permeability are also involved in the pathogenesis of T1DM \[[@CIT0070]\]. These diverse reports establish the causal relationship between gut-derived LPS and the development of diseases, and they underscore the importance of the maintenance of the intestinal barrier function as well as targeted modulation as a novel therapeutic strategy.

4. Potential Therapies for Modulation Intestinal Barrier Function {#s8}
=================================================================

Although targeted restoration of the intestinal barrier dysfunction seems to be a logical step in the modulation of 1 or more intestinal or systemic diseases, currently no therapies exist for clinical use. However, increased understanding of the multiple "layers" that constitute the overall intestinal barrier is likely to provide novel approaches for targeted modulation. Strategies examined in preclinical or clinical studies are discussed below in the context of the layers of the barrier. It needs to be emphasized that direct manipulation of the gut microbiome as a strategy to subsequently modulate intestinal inflammation is actively pursued and extensively reviewed \[[@CIT0071], [@CIT0072]\] and is not the focus of this review.

A. Modulation of Layer 1, or IAP {#s9}
--------------------------------

Preclinical studies have established the role of exogenous IAP administration on the improvement of intestinal barrier function and the subsequent attenuation of endotoxemia-mediated diseases. Kallannan et al demonstrated that orally supplemented IAP inhibited the absorption of LPS and prevented, as well as reversed, diet-induced metabolic syndrome in mice \[[@CIT0073]\]. Oral supplementation of IAP was also effective in ameliorating alcohol-induced hepatic steatosis in mice \[[@CIT0074]\] and, based on the IAP-mediated reversal of barrier dysfunction, Hamarneh et al suggested that enteral IAP supplementation may represent a novel approach to maintain the integrity of the intestinal barrier in critically ill patients with decreased IAP in ileal fluid samples \[[@CIT0075]\]. We recently reported the development of intestine-specific IAP transgenic mice over-expressing human chimeric IAP and demonstrated attenuation of a high fat, high cholesterol--containing Western-type diet-induced intestinal barrier dysfunction as well as improved glucose intolerance \[[@CIT0076]\], further establishing the validity of an IAP-based approach for improving barrier function. With concerns related to the partial degradation or inactivation of orally administered IAP during transit through a low gastric pH environment, intraduodenal administration of bovine IAP in 21 severe ulcerative colitis patients showed short-term improvement in disease activity scores and reductions in plasma C-reactive protein and stool calprotectin. More importantly, IAP treatment was well tolerated and was nonimmunogenic \[[@CIT0077]\] in human subjects. Extensive research is underway to identify dietary components with the potential to increase endogenous IAP expression/activity (reviewed in \[[@CIT0078]\]). We identified an increase in IAP as one of the mechanisms by which oral supplementation with curcumin protects against a high fat, high cholesterol--containing Western-type diet-induced barrier dysfunction and the subsequent development of glucose intolerance and atherosclerosis \[[@CIT0051]\]. It is noteworthy that curcumin is not absorbed and yet attenuates several diseases, and its gut-specific action now provides a mechanistic insight \[[@CIT0079]\].

B. Modulation of Layer 2, or the Mucin Layer {#s10}
--------------------------------------------

In the absence of adequate dietary fiber, colonic bacteria turn to the alternate energy source, the mucin-2 (MUC-2) glycoprotein-rich mucus layer \[[@CIT0080]\], leading to the erosion of the mucin layer and the disruption of the intestinal barrier \[[@CIT0081]\]. Therefore, fiber supplementation of western-type diets is a logical intervention to prevent or reverse the disruption of the mucin layer of the intestinal barrier. Okazaki et al demonstrated an increase in mucin by dietary fiber in rats that were fed a diet containing 30% lard \[[@CIT0082]\]. Similarly, a diet supplemented with homogeneous *Dendrobium huoshanense polysaccharide* increased the expression of Muc-2 in mice \[[@CIT0083]\]. Increased mucin expression is also noted in experimental animals with other dietary fiber supplementations, such as pea fiber \[[@CIT0084]\], fermented rice bran \[[@CIT0085]\], and fructo-oligosaccharides \[[@CIT0086]\], and it is associated with an improved intestinal barrier and a decreased bacterial translocation, leading to improved disease (eg, glucose intolerance, colitis, or steatohepatitis) status. Studies from our laboratory have demonstrated that the supplementation of a high fat, high cholesterol--containing Western-type diet with galactooligosaccharide fiber increased Muc-2 expression and maintained the continuity of the mucin layer. Despite there being no changes in plasma cholesterol levels, improved barrier function and reduced plasma LPS levels led to improved glucose tolerance and decreased atherosclerosis \[[@CIT0087]\].

C. Modulation of Layer 3, or the Epithelial Cell Layer {#s11}
------------------------------------------------------

Strengthening this layer by reducing paracellular transport will require targeted regulation of intercellular junctional proteins. Increased immune activation of the epithelial cells leads to the increased production of TNFα and IL-13, which increase paracellular transport by interfering with the expression and/or organization of proteins within the tight junctions \[[@CIT0088], [@CIT0089]\]. Consistently, anti-TNFα antibodies reduce the severity of inflammatory bowel disease in patients with active Crohn's disease by restoring barrier function in the setting of a dampened immune system \[[@CIT0090], [@CIT0091]\]. TNFα-induced loss of barrier function is also due to an increase in phosphorylation of myosin light chain (MLC) by MLC kinase, MLCK as demonstrated by in vitro studies using CaCo-2 monolayers \[[@CIT0092]\]. Consistently, the pharmacological inhibition of MLCK improves barrier function and diarrhea in mice \[[@CIT0093]\]. IL-13 induces the disruption of barrier function via upregulation of claudin-2 expression in cultured epithelial cell monolayers \[[@CIT0094]\], and whether targeted inhibition of IL-13 or claudin-2 will be beneficial and without significant effects on gut function is yet to be examined \[[@CIT0095]\]. Several phytochemicals improve intestinal permeability by targeting signaling pathways involved in the inflammation-mediated disruption of tight junction protein organization. For example, in addition to increasing IAP, curcumin also attenuates LPS or the IL-1β-induced disruption of tight junctions \[[@CIT0096]\]. Berberine reduces systemic LPS levels and also antagonizes the effects of LPS-mediated signaling through the Wnt/beta-catenin pathway to affect intestinal permeability in a rat model of sepsis \[[@CIT0097]\]. The hypoglycemic effects of berberine in Type 2 diabetic rats are related to the improvement in gut-derived hormones as well as the attenuation of intestinal barrier dysfunction \[[@CIT0098]\]. The stress hormone, cortisol, decreases the expression of tight junction proteins by reducing the binding of the glucocorticoid receptor (GR) to the occludin promoter region and increases paracellular permeability. These effects are blocked by lubiprostone, both in rodents and in humans, indicating that lubriptostone prevents stress-induced visceral hyperalgesia by changes in intestinal barrier function \[[@CIT0099]\]. In addition, lubiprostone supplementation also reduces atherosclerosis progression in ApoE-/- mice \[[@CIT0100]\]. Recently, Xu et al demonstrated the amelioration of barrier dysfunction in vitro by a novel GR agonist, 16α-hydroxytrametenolic acid (from edible mushrooms), through a GR-mediated PI3K/Akt/NF-κB signaling pathway \[[@CIT0101]\]. Hyperglycemia increases intestinal permeability via GLUT2-dependent transcriptional reprogramming of the intestinal cells, leading to the reduced expression of tight junction proteins, and in humans the systemic influx of intestinal bacteria-derived products correlates with individualized glycemic control \[[@CIT0102]\]. Consistently, the glucose lowering drug metformin protects against intestinal barrier dysfunction by the inhibition of JNK activation via an AMPKα1-dependent signaling pathway as demonstrated by using in vitro cell culture systems as well as colitis mouse models \[[@CIT0103]\].

Extensive research has also established the role of nutritional factors in improving overall intestinal permeability. These nutrients include antioxidants (Quercetin \[[@CIT0104]\], Ginkgo biloba extract \[[@CIT0105]\], N-acetyl cysteine \[[@CIT0106]\]) as well as probiotics and prebiotics \[[@CIT0107], [@CIT0108]\]. Increasing knowledge of the specific role(s) of the various layers of the intestinal barrier is likely to provide opportunities for targeted improvement as needed to improve the efficacy of specific treatments. The assessment of intestinal barrier function and markers of disruption of one or more layers will be critical for the future development of these targeted strategies.

5. Assessment of Intestinal Barrier Dysfunction {#s12}
===============================================

Direct assessment of intestinal barrier function is challenging given the invasiveness of intestinal tissue sampling. However, a number of methods are available to indirectly assess intestinal barrier function, and it is noteworthy that all methods have their own advantages and disadvantages. While some methods directly assess the permeability function in vivo, others rely on the measurement of specific markers in blood/plasma or feces.

A. In Vivo Intestinal Permeability Assays: Determination of Urinary Lactulose/Mannitol Ratios {#s13}
---------------------------------------------------------------------------------------------

After the collection of a baseline or pretest urine sample, a sugar solution containing a mixture of lactulose and mannitol is orally administered. The larger size molecule (lactulose) can only cross the intestinal barrier by paracellular passage when the intestinal barrier is compromised. The smaller molecule (mannitol) crosses the epithelial barrier transcellularly and acts as a control for gastric emptying and dilution, transit time, and epithelial absorptive area, as well as systemic distribution and renal function. The urinary excretion ratio (lactulose:mannitol) is then used as a standardized assessment of intestinal permeability \[[@CIT0109]\]. While the noninvasiveness of this method is certainly an advantage, the complicated and elaborate methods for the analyses of excreted products makes it difficult to adapt to the routine measurements needed for clinical evaluation.

B. Circulating Biomarkers {#s14}
-------------------------

Zonulin, a prehaptoglobin, is one of the physiological modulators that alters intestinal permeability by modifying protein-protein interactions within the tight junctions. Disruption of the intestinal barrier is associated with an increase in circulating as well as fecal zonulin \[[@CIT0110]\]. Caviglia et al demonstrated the suitability of serum zonulin levels in the evaluation of intestinal permeability in patients with inflammatory bowel disease \[[@CIT0111]\]. Intestinal fatty acid binding protein (I-FABP) is a small 14 kDa cytosolic protein specific to mature enterocytes. Its appearance in circulation indicates a breakdown of the enterocyte membrane \[[@CIT0112]\]. Diamine oxidase (DAO) is an intracellular enzyme present in the intestinal villi and is considered as a marker for the integrity of the intestinal epithelium. Circulating levels of DAO increase with damage and loss of intestinal barrier function \[[@CIT0113]\]. Due to increased paracellular transport of LPS and other proinflammatory mediators, plasma levels of LPS, LBP, IL-6, and IL-8 are also considered as markers of increased barrier dysfunction \[[@CIT0114]\].

C. Fecal Biomarkers {#s15}
-------------------

As stated above, increased levels of zonulin in the feces indicate a disruption of the intestinal barrier. Secretory immunoglobulin A (sIgA) is the main antibody found in the mucus membranes that are exposed to the environment, such as the nose, lungs, and the intestinal lining. Increase in fecal sIgA indicates intestinal inflammation and serves as a marker of barrier dysfunction. Increased neutrophil/eosinophil infiltration into the intestine is associated with damage to the gut lining. Therefore, calprotectin (produced by neutrophils) and eosinophil-derived neurotoxin are yet additional fecal markers of barrier disruption \[[@CIT0117]\].

Although not on the list of routine clinical tests, plasma or fecal markers of intestinal barrier function and/or inflammation are increasingly being utilized and, with more evidence of the causal relationship between intestinal barrier function and the development of multiple diseases, the use of these noninvasive tests is expected to increase. Linking the appearance of these or other novel markers to individual layers of the barrier would be the next challenge in developing targeted therapies.

6. Summary and Conclusions {#s16}
==========================

The causal relationship between chronic inflammation and the development of multiple diseases is increasingly being established, and the likely trigger for this low level, yet sustained systemic inflammation, is bacterial endotoxin LPS. While dietary components or intestinal injury (eg, by ischemia/reperfusion) may initiate the release of LPS from intestinal lumen to systemic circulation, the physical as well as the functional integrity of the intestinal barrier is the critical determinant of this translocation. This review summarizes the composition of the intestinal barrier, consequences of a dysfunctional barrier, and elaborates on the role of translocated LPS in the development of diseases. In addition, current knowledge on the successful manipulation of individual "layers" of the intestinal barrier is summarized. Discussion of the currently available tests emphasize the future use of the status of barrier function as a diagnostic parameter facilitating demonstration of causal relationship with pathogenesis of disease. The development of novel and more specific tests are expected to facilitate the identification of individual "layers" affected in a given disease process or person, leading to targeted interventions. For example, exogenous IAP supplementation or curcumin-mediated increase in IAP activity would be the therapeutic option where loss of IAP is identified. Galactooligosaccharide fiber supplementation would be the preferred option where mucosal layer disruption is evident. Phytochemicals and other nutritional supplements (eg, vitamin D) with demonstrated effects on improvement of tight junction protein expression/function are likely to be most beneficial where these disruptions are noted. Therefore, while correcting intestinal barrier dysfunction for modulation of multiple diseases can be envisioned as a viable therapeutic option, continuing progress in identifying the precise defect by use of specific biomarkers would facilitate targeted interventions.
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